A growing body of evidence suggests that humans can communicate socially relevant information, such as aggression, dominance, and readiness for competition, through chemosensory signals. Androstadienone (androsta-4,16,-dien-3-one), a testosterone-derived compound found in men's axillary sweat, is a main candidate for a human pheromone that may convey such information. The current study aimed to investigate whether androstadienone serves as a chemosignaling threat cue to men, thus triggering avoidance behavior during competitive interaction with another man. In a double-blind, placebo-controlled, within-subject study design, 30 healthy, normosmic, heterosexual male participants completed the social orientation paradigm (SOP), a monetary game played against a fictitious partner that allows 3 types of responses to be measured in the context of provocation: an aggressive response, an individualistic withdrawal response, and a cooperative response. Participants completed the SOP task twice, once under exposure to androstadienone and once under exposure to a control solution. The results indicate that androstadienone increased individualistic responses while it decreased cooperative responses. These findings support the role of androstadienone as a threatening signal of dominance that elicits behavioral avoidance and social withdrawal tendencies, possibly as a submissive response.
Introduction
In the animal kingdom, chemosensory information has been long known to convey signals of dominance that communicate reliable information about the sender's territory, individual identity, social and sexual status, and general fitness and quality (Wyatt 2003) . In mice, for example, territory holders use urine scent markers to communicate their competitive ability and dominance to competitors and mates, respectively (Hurst 1993) . The urine of dominant male mice was shown to discourage naïve mice from exploring a urinemarked area and to promote aggressive behavior in trained "fighter" mice, suggesting that the scent of dominant males may result in attack or avoidance depending on the environmental conditions and the receiver's previous experience (Jones and Nowell 1973) .
Over the last decade, increasing evidence suggests that humans may also communicate dominance via chemical compounds. Previous studies have shown that participants' level of dominance, a personality trait related to aggression (Buss and Craik 1981) , was accurately assessed based on their body odor (Sorokowska et al. 2012) and that during the fertile phase of their menstrual cycle, women rated the axillary odor of men high in trait dominance as more attractive (Havlicek et al. 2005) . Chemosignals were also shown to convey transient aggressive states. Body odor collected after aggressioninduction manipulation triggered affective and cognitive changes compatible with a reciprocal anxiety reaction (Mutic et al. 2015) and significantly decreased the expression of pro-social behavior in a decision-making task (Schlosser et al. 2011) . Furthermore, sweat samples taken from male donors after winning a competitive sporting match were shown to elevate the skin conductance levels of perceivers (Adolph et al. 2010) , suggesting that chemosignals of victory may act as threat signals to men and as appetitive signals to women.
Increased levels of testosterone are associated with social states such as victory (Booth et al. 1989) , competition (Suay et al. 1999) , aggression (Pope et al. 2000) , and dominance (Ehrenkranz et al. 1974; Eisenegger et al. 2011; van Honk et al. 2014 ). Thus, testosterone-derivative compounds may be emitted in such contexts through the apocrine glands, which are known to be active in various highly emotional situations (Gower and Ruparelia 1993) . Androstadienone (androsta-4,16,-dien-3-one, AND) is a testosterone derivative compound (Stylianou et al. 1961 ) that has been suggested as a putative human pheromone (Grosser et al. 2000) and seems to be a likely candidate for signaling aggression, dominance, and competition. AND was first identified in human axillary sweat by Labows (1988) and was subsequently also found to be present in human semen (Kwan et al. 1992 ), on male axillary hair (Nixon et al. 1988) , and on the skin surface of the male human axillary cavity (Rennie et al. 1990) . AND is found in higher plasma concentrations in men than in women (Brooksbank et al. 1972) and is partly produced through the action of coryneform bacteria, which are more prevalent in men's axilla (Gower and Ruparelia 1993; Austin and Ellis 2003) .
Over the years, AND has been shown to drive hormonal modification (Wyart et al. 2007) , alter brain activity Gulyás et al. 2004; Burke et al. 2012) , and induce behavioral changes, some of which strengthen the notion of its role as a signal of dominance, competition, and male quality in general (Cornwell et al. 2004; Saxton et al. 2008; Frey et al. 2012; Parma et al. 2012; Huoviala and Rantala 2013; Zhou et al. 2014; Hornung et al. 2017) . For example, AND has been found to enhance the motor response to social threat signals (Frey et al. 2012) . It was also shown that women who were exposed to AND during "speed-dating" rated men as more attractive compared to women who were exposed to a control odor (Saxton et al. 2008) . Moreover, a significant positive correlation was found between women's preference for a masculine face shape and their ratings of the pleasantness of AND (Cornwell et al. 2004) . Furthermore, during the luteal phase of women's menstrual cycles, their attention was modulated towards female faces after exposure to AND, possibly due to intra-sexual competition enhancement (Parma et al. 2012) . Moreover, Zhou et al. (2014) reported that exposure to AND biased heterosexual females and homosexual males to perceive digital point-light displays of walkers as more masculine. This finding is especially noteworthy since the correlation between perceptions of dominance and masculinity is well established (Rule and Ambady 2009; Pivonkova et al. 2011) . Recently, Hornung et al. (2017) reported that under the influence of AND men exhibited reduced interference of non-relevant emotional words when processing angry target faces, suggesting that AND prepares men for a potential conflict by highlighting threatening facial expressions. During financial decision-making tasks, AND was also found to increase participants' responsiveness to a male competitor (Huoviala and Rantala 2013) . The authors explained this finding by suggesting that the participants perceived their competitor to be more dominant and thus more valuable as an ally than as an enemy.
Dominance and submissiveness can be described in terms of approach and avoidance tendencies, respectively (Terburg and van Honk 2013) . Submissive individuals perceive a social threat as an enforcement of their inferiority, and thus respond by avoidance (van Honk and Schutter 2007) . If AND indeed acts as a threatening chemosignal of dominance, competition, and aggression, exposure to high concentrations of this compound in a competitive context highlighting the relative strength of the competitor would place most male participants in an inferior position and would elicit avoidance behavior. Therefore, we sought to investigate the effect of AND on social behavior in a competitive game that involves aggressive provocations. We used the social orientation paradigm (SOP), a task originally based on the point subtraction aggression paradigm (PSAP) (Cherek 1981) . Unlike the original task, which allows only aggressive or individualistic responses, the SOP also offers the possibility of a cooperative behavioral response under provocation (Perach-Barzilay et al. 2013) , thereby allowing for a wider repertoire of responses. Given that men are more reactive to dominance threats than are women (Maner et al. 2008) , in the current study we examined the effect of AND on social behavior in men. We hypothesized that exposure to AND during the SOP would prompt avoidance behavior in male participants-that is, increase their individualistic withdrawal behavior-while diminishing their approach behaviors, that is, decrease their levels of aggression and cooperation.
Method and materials

Participants
Thirty healthy males were recruited to participate in the study. All responded to advertisements posted either in the local community or at the University of Haifa. Participants ranged in age from 20 to 36 years (mean: 27.7, SD: 3.6), all had 12-16 years of education, and all were fluent Hebrew speakers. The participants reported that they were generally in good health, non-smokers, heterosexual, not taking acute or chronic medication, and not suffering from any somatic or mental disease or from known olfactory problems. Participants gave written informed consent and were paid for their participation. The Ethics Committee of the University of Haifa approved the study.
Compounds
The experimental stimulus was comprised of 250 µM androstadienone (Steraloid, Inc.) diluted in propylene glycol (Sigma Aldrich; purity 99%) with an odor mask of 1% eugenol (Sigma Aldrich; purity 99%). Odor masking was used to avoid the perceptual effects of the odor of androstadienone. This was in accordance with previous experiments (e.g., Lundström and Olsson 2005; Hummer and McClintock 2009) . Propylene glycol alone with an odor mask of 1% eugenol served as the control solution. Participants were exposed to the chemosignal or to the control solution by a pre-prepared stimulus-containing (100 μL) BandAid pasted above their upper lip to allow for continued exposure throughout the experiment (as shown in Frumin and Sobel 2013) . In order to assess individual discrimination ability, a 3-alternative forced-choice test was applied at the beginning of the first session. The test consisted of 2 identical flasks containing 1% Eugenol solved in propylene glycol and a third flask that contained a 250 μM solution of AND solved in 1% Eugenol and propylene glycol. Each participant was asked to name the flask that differed from the other 2.
Experimental task
The SOP (Perach-Barzilay et al. 2013 ) is a modified version of the Point Subtraction Aggression Paradigm (PSAP) (Cherek 1981) , a validated method of provoking aggression in a laboratory setting through a computerized game (Cherek et al. 1997) . In the task, participants are provoked by having points taken away by "another player". The modified version provides an assessment of cooperative behavior in addition to the assessment of individualistic and aggressive behavior provided by the original PSAP. The task was programmed via the E-prime 2.0 software package (Schneider et al. 2002) .
Before being introduced to the task instructions, participants were told they were about to play a decision-making game with another male partner sitting in the next room. In actual fact, all trials were preprogrammed, so this "partner" was fictitious. Participants were told that the game's objective is to earn as many points as possible and that following task completion (the next day), a computer program would randomly choose one of the sessions (first/second day) and the final number of points earned in the chosen session would be converted to monetary gains. Together with the fact that the participants were told that their partner is responsible for the loss of credit points, this placed the participants in a competitive/confrontational context. Participants were also told that their second session, the next day, would be held with a different partner. The game began with 20 credit points. The credit counter was positioned at the lower part of the screen and was continuously updated during the task according to the points gained and lost by the participants. On each trial, participants were given 3 response options: 1) Pressing the "1" key 30 times will add 1 point. This option is considered to represent an individualistic withdrawal/ avoidant response. 2) Pressing the "2" key 10 times will subtract 1 point from the other participant, with no gain to themselves. This option is considered to represent an aggressive response. 3) Pressing the "3" key 15 times will add half a point for themselves and half for their partner. This option is considered to represent a cooperative response (see Figure 1 ). The frequency of each type of response (individualistic/aggressive/cooperative) was entirely dependent on the participants, as each participant could initiate any number (and type) of responses anytime during the session. Participants were told that their partner has a choice panel similar to theirs, with one important difference: Not only would pressing the "2" key 10 times subtract a point from the partner's competitor (the participant), it would also increase the partner's own score by one point. This was in order to emphasize the relative strength of the "partner" over the participants. As part of the cover story, the experimenter asked the participant to wait a few moments while he made sure the other participant was ready in the other room. A few seconds later the experimenter returned and asked the participant to begin. This procedure was found reliable in provoking aggression (Perach-Barzilay et al. 2013) .
The duration of the task was 10 min, during which 2 pre-programmed provocations representing aggressive responses, allegedly generated by the fictitious partner, were made every 60 s (20 provocations in total). Each subtraction of credit points (provocation) by the "partner" was accompanied by a brief enlargement of the counter and a short tone. Additionally, in order to establish the reliability of the cover story, the task was pre-programmed to include one cooperative response, purportedly generated by the partner.
Pressing the "2" key 10 times represented an aggressive response since choosing to take away credit points from a partner at no gain to oneself is counterproductive to the task's goal and represents solely a behavioral expression of emotions. Furthermore, aggressive choices made in the PSAP and SOP were found to be directly related to previous violent behavior outside the laboratory (Cherek et al. 1997 ) and positively correlated with several self-report scales of psychopathy (Perach-Barzilay et al. 2013) .
Procedure
We used a double-blind, placebo-controlled, within-subjects design. Participants were exposed to each of the odors in 2 separate sessions that were held on 2 consecutive days at the same time of day. Participants were randomly assigned to 1 of 2 groups. In the first group, 15 participants received AND in their first session, and in the second group 15 participants received the control solution in the first session. All sessions were run by the same male experimenter and took place in an air-conditioned, temperature-controlled test room. Immediately after the experimenter placed the Band-Aid containing the solution under the participants' noses, participants were asked to rate the stimulus (on a scale of 1-9) for familiarity, intensity and pleasantness. This rating was repeated in both sessions.
Data analysis
We counted the number of times a participant chose each type of response (individualistic/aggressive/cooperative) in the SOP. In order to detect potential outliers, all variables were standardized. No participant had any scores that were more than 3 standard deviations above the mean. A within-subject 2-way repeated-measures ANOVA was conducted, with the total number of each response type (1, 2, 3) as the dependent variable and stimulus type (AND/control) as the within-subject factor. Estimations of the effect size (Cohen's d) were calculated by the following formula: t n , as suggested by Lakens (2013). To make sure that within-subject differences in behavioral variables did not result from differences in perceived odor qualities, we conducted paired sampled t-tests with the odor qualities (pleasantness, intensity, and familiarity levels) as the dependent variables and stimulus type (AND/control) as the within-subject factor. To investigate whether the ability to discriminate AND had any effect on the behavioral results, we added "discrimination test" (passed/ failed) as an independent variable to the main behavioral analysis. Furthermore, a one-sample t-test was conducted to check whether participants' discrimination ability differed from chance (i.e., 0.33). To confirm that the perceived pleasantness of the AND odor had no effect on task performance, we conducted a Pearson correlation analysis between odor pleasantness and task performance. This analysis indicated no significant correlation between the change in odor pleasantness (AND pleasantness rating minus control pleasantness rating) and the change in individualistic responses [r = −0.25, P = 0.18], cooperative responses [r = 0.04, P = 0.85] or aggressive responses [r = 0.27, P = 0.14]. Thus, within-subject differences in behavioral results were not the result of any difference in consciously perceived odor qualities.
Results
Subjective ratings of solutions
Discrimination test
No correlation was found between discrimination ability and stimulus type [F(1,28) 
The SOP paradigm
Our analysis indicated a main effect of response type [F(2,28) = 10.26, P = 0.001, ƞ 2 = 0.26]. Pairwise comparisons using Bonferroni correction indicated that the number of times participants chose option "1" (M = 51.28, SE = 5.49) was significantly higher than the number of times they chose option "2" (M = 10.90, SE = 2.31) [P < 0.001]. Similarly, the number of times participants chose option "3" (M = 43.02, SE = 7.95) was significantly higher than the number of times they chose option "2" [P = 0.002]. No significant difference was found between the number of times options "1" and "3" were chosen. Moreover, no significant main effect was found for stimulus type [F(1,29) = 0.027, P = 0.87, ƞ 2 = 0.01], indicating that AND had no general effect on task performance and that there was no difference in the total number of trials each participant completed in the control condition (M = 35.16, SE = 2.07) compared to the total number of trials completed in the AND condition (M = 34.96, SE = 1.77).
Critically, we found a significant interaction between stimulus type and response type [F(2,28) = 6.11, P = 0.013, ƞ 2 = 0.17]. To examine the source of this interaction, we conducted follow-up paired t-tests with Bonferroni corrections. As depicted in Figure 2 In order to investigate whether the order of chemosignal exposure (AND in first session vs. placebo in first session) had an effect on the results, we analysed the results again using the order of exposure as an additional independent variable. A within-subject repeated-measures ANOVA was conducted, with "order of the chemosignal" as an independent variable. The analysis indicated a significant interaction between order of exposure and stimulus type [F(1,28) = 10.41, P = 0.003, ƞ 2 = 0.27] in addition to the still significant interaction between stimulus type and response type [F(2,27) = 6.08, P =0.014, ƞ 2 = 0.18]. Follow-up analysis indicated a main effect of stimulus type, both among participants who were exposed to AND in their first session [F(1,13) = 5.22, P = 0.04, ƞ 2 = 0.28], and among those who were exposed to AND in their second session [F(1,15) = 5.07, P = 0.04, ƞ 2 = 0.25]. The opposite trend of these main effects (i.e., an increase in the total number of responses during exposure to AND in the second session, and a decrease in the total number of responses during exposure to AND in the first session) suggests that regardless of order, an increase in the total number of responses was evident in the second session. To examine whether this result may be attributed to a practice effect, we compared the number of total responses made in each session, regardless of stimulus type. Our analysis indicated that the total number of responses made in the second session (M = 110.26, SD = 33.34) was higher compared to the total number of responses made in the first session (M = 100.13, SD = 28.94) [t(29) = −3.25, P = 0.003, Cohen's d = −0.58], suggesting a possible practice effect. To investigate whether the effect of AND on response type is only evident in one of the sessions, we conducted paired t-tests under each order condition separately. As depicted in Figure 3 , this analysis indicated that the number of individualistic withdrawal responses (option "1") was significantly higher during exposure to AND among participants who were exposed to AND in their second session (t(15) = −3.41, P = 0.004, Cohen's d = −0.85), but not among those who were exposed to AND in their first session (t(13) = −0.57, P = 0.58 n.s., Cohen's d = −0.15). Additionally, the number of cooperative responses (option "3") was significantly lower during exposure to AND among participants who were exposed to AND in their first session (t(13) = 1.81, P = 0.047, Cohen's d = 0.48), but not among participants who were exposed to AND in their second session (t(15) = 1.49, P = 0.078 n.s, Cohen's d = 0.37).
Discussion
In this study, we examined the effects of androstadienone, a chemosignal found in men's axillary sweat, on social behavior in a task that measures aggressive, individualistic and cooperative responses in the context of aggressive provocations. We hypothesized that if AND indeed conveys information regarding the sender's dominance and competitive abilities, exposing male participants to high concentrations of AND during competitive interaction with a strong partner would place them in an inferior position, thus promoting an individualistic withdrawal response aimed at avoiding further loss of status. Our results indicate that when participants were exposed to AND, the number of individualistic responses increased and the number of cooperative responses decreased. No statistical significant change was observed in aggressive responses. These findings indicate that AND convey important information relevant to social interaction. Furthermore, these findings suggest a behavioral avoidance compatible with a threat-related response in male receivers, delineating the role of AND as a chemosignal of dominance, aggression, and competition.
The current findings may be explained as a reciprocal response to a stressor. If AND signals male dominance and aggression, it poses a significant threat to surrounding competitors. As such, a reciprocal response such as approach or avoidance is to be expected. Whether an approach or an avoidance response is induced mainly depends on the dominance relationship between the adversaries (van Honk and Schutter 2007). Since our participants were placed in an inferior position relative to their "competitor", individualistic responses were favored, possibly in order to avoid further loss of status. Furthermore, since the reaction to a stressor is known to result in a set of behaviors that demand fewer resources (Starcke and Brand 2012) , stressed individuals, especially men (Tomova et al. 2014) , may resort to more individualistic or egocentric behavior that demands fewer resources than behavior that also takes the perspective of others into account (Epley et al. 2004 ). The socialdisengaging tendency of individuals exposed to AND to maximize their own interests with little or no regard for those of others is also in accordance with Kemeny and Shestyuk (2008) , who claimed that the presence of social or physical threats often elicits behavioral disengagement and withdrawal tendencies.
Another explanation for our results comes from conflict resolution strategies (Aureli and De Waal 2000) . Animals such as humans that live in groups use various behavioral tactics to manage conflicts with other group members. Because overt fighting is risky and is usually the last resort as a way to settle conflicts, in many cases animals resolve conflicts without fighting (Smith 1982) and instead use signals that communicate strength or threat. These cues may serve to elicit internal states of inferiority in the perceivers, which deter them from escalating conflicts into competition (Fournier et al. 2002) . To predict their chances of winning a conflict, individuals have to gather information on the motivation, strength, and fighting ability of their competitor. If at any stage of this information-gathering process one individual senses it is weaker than its opponent, it should seek to withdraw (Aureli and De Waal 2000) . In other words, individuals who are low in relative (perceived or actual) status will engage in acts of submissiveness to make it clear to the higher ranking individual that they do not wish to engage in physical contests over contested resources. The current findings suggest 3 types of submissive behaviors in response to AND. The first is increased individualistic behavior, which is in fact a coping response comprising social withdrawal and isolation, disconnection and exaggerated focus on independence and selfreliance rather than involvement with others. This motivation to withdraw and avoid is consistent with submissive behavior, elicited when social status is threatened (Gilbert 1997; Tangney 1995) . The second type of submissive behavior is decreased cooperative behavior. Dominant males exert their power to prevent subordinate males from accessing naturally limited resources such as mates. One way of doing so is to prevent others from acting in a way that could attract mates. Since pro-social behavior is considered attractive by the opposite sex (Farrelly et al. 2007) , it is possible that the cooperative tendencies of subordinate males are inhibited during competition against dominant males as a way of avoiding aggression. Gambacorta and Ketelaar (2013) also demonstrated this by showing that relatively subordinate men competing against dominant competitors exhibited decreased female-attractant behaviors such as humor and storytelling. The third type of submissive behavior is evident in the fact that aggression levels did not change significantly during AND exposure compared to placebo. An individual in a relatively submissive position competing against a strong male will not want to escalate the situation, especially since the task rules already place him in an inferior position compared to his "partner". In contrast to Huoviala and Rantala (2013) , who found that AND increased cooperation between men, our study showed a decrease in cooperative responses. This may be due to the fact the effects of AND are not monolithic, but tend to vary depending on the context and social cues in the environment Bensafi et al. 2004; Lundström and Olsson 2005) . While Huoviala and Rantala used the Ultimatum Game, a decision-making task that encourages cooperation by inflicting immediate loss of a reward upon uncooperative participants, the SOP task used in the current study is intended to provoke competition and aggression. Nonetheless, both studies support the role of AND as a chemosignal of dominance.
It should be noted that we also found an interaction effect between the order of chemosignal exposure and stimulus type, which may stem from a possible practice effect. The higher number of total responses in the second session regardless of stimulus type may result from familiarity with the task and a more efficient decision-making process. Indeed, both Cherek et al. (2002) , who used the original PSAP, and Ne'eman et al. (2016), who used the SOP, found a difference between the first and the second session, regardless of treatment. Another possibility is that the higher number of total responses evident in the second session is due to higher levels of motivation or arousal during the second session, perhaps as a conscious or unconscious attempt to maximize outcome. The aforementioned general practice effect is likely to be the reason both for the decrease in cooperative responses under exposure to AND only when it was administered in the first session and for the increase in individualistic responses under exposure to AND only when it was administered in the second session. Nonetheless, the fact that despite this possible practice effect we were able to find an overall significant effect of AND on response type further attests to the potential effects of AND on regulating human behavior.
Several limitations to this study should be addressed. First, our interpretation of the results should be treated with caution. Conceptualizing the individualistic responses in the SOP task as avoidant or submissive responses is not something that goes without saying. Furthermore, although the SOP is a well-validated task in the study of aggression, it has its weaknesses (such as the need for a cover story). Some methodological limitations should be addressed as well. Note that we did not control for our subject population other than relying on self-reports of physical and mental states and on olfactory capacities. Furthermore, comparing the effects of different doses of AND (instead of just the commonly used concentration of 250 µM) and increasing the sample size would have allowed a more conclusive analysis of the effects of AND on human behavior.
Conclusion
Our results indicate that exposure to androstadienone increases individualistic withdrawal behavior and diminishes levels of cooperation between men in a confrontational context. Our study is the first to show the behavioral effects of AND in a confrontation-provoking context, compatible with the notion that AND serves as a chemosignal of dominance, competition, and aggression. Our findings open up interesting new possibilities for future research. One such possibility is to alter the olfactory stimulus given in the SOP task by using sweat samples from donors in dominance-related or submissiverelated situations (e.g., taken after winning or losing a competition). Additionally, if AND indeed functions as a signal of male quality, Comparison of mean number of times each type of response was chosen, according to order (AND in first session vs. AND in second session) and exposed solution (AND/control). AND significantly increased the number of individualistic responses among participants who were exposed to it in their second session (P = 0.004), and significantly decreased the number of cooperative responses among participants who were exposed to it in their first session (P = 0.047). *Significant at the 0.05 level.
it should have differential effects depending on the perceiver's sex. For females, a signal of dominance and fitness from a potential male partner would probably result in different behavioral outcomes on the SOP task than for males, who reacted to AND as a signal of competition and threat. It is also important to examine whether androstadienone has a direct impact on dominance perception or whether perhaps it works through modulation of attention towards existing dominant cues.
